Introduction
Aqueous foams are dispersions of gas bubbles in a liquid continuous phase. They are used in a wide range of applications from enhanced oil recovery (EOR) (Quennouz et al. 2014; Guo and Aryana 2016; Yekeen et al. 2018) to food industry (Skurtys, Bouchon and Aguilera 2008; Laporte et al. 2016 ) and biological applications such as biocompatible scaffolds (Chung et al. 2009; Costantini et al. 2015; Andrieux et al. 2017) .
Aqueous foams can behave like a shear-thinning fluid over time after being subjected to deformation (Bekkour and Scrivener 1998) . This property, called "thixotropy", plays an important role in foam stability (Mewis 1979; de Souza Mendes 2009; Mewis and Wagner 2009; Larson 2015) . Thixotropy implies the creation of a change in foam properties before and after the deformation, thus, hysteresis.
Foam rheology and more precisely foam thixotropy or hysteretic behaviour is mainly studied by rheometry (Miquelim and Da Silva Lannes 2009). The two most common tests employed to study how a fluid recovers after deformation are the three-step test and the creep test (Mezger 2014) . The three-step test consists of three consecutive stages of rest, deformation and rest. The initial rest viscosity is taken as reference for the study of the fluid recovery after a gradual or sharp deformation. This test has been adapted to fragile products such as foams by applying a non-destructive deformation to preserve the sample (Asnacios et al. 1999 ). An example of a thixotropy study by performing an oscillatory test within the linear viscoelastic range is given in Marze et al. (2009) . However, foams evolve over time due to the simultaneous destabilising events which are the key actors of its stability kinetic (e.g., drainage, coalescence and coarsening) (Saint-Jalmes et al. 2004; Pitois et al. 2005; Saint-Jalmes 2006) . This ageing process, in addition to the quantity of product required and the cost of the equipment, demonstrates the limitations of macroscale rheology to study fragile and complex products such as foams.
A decade ago, a novel and innovative use of microfluidics was developed at first to measure the viscosity of single phase fluids (Guillot et al. 2006 ) and further to measure the properties of viscoelastic fluids such as the relaxation times (Pipe and McKinley 2009; Galindo-Rosales et al. 2013; Koser et al. 2013) . Microfluidics rheometry matches the standards of its macroscopic counterpart with the advantages of requiring much less amount of sample and lower cost. Thus, extending this use of microfluidics to two-phase fluids can bring a new perspective in studying how the shear viscosity, the surface viscosity and other properties influence the rheological behaviour of the foam. Here, a new way to study and to evaluate the parameters influencing the property of recovery of foam after a gradual deformation at the wall was implemented. These parameters comprise the range of properties affecting the microstructure of the foam from the continuous phase viscosity, the surface tension and the interfacial properties such as the surface elasticity.
Interestingly, a microstructural hysteresis was observed in an expansion-contraction microchannel (Drenckhan et al. 2005) . Researchers highlighted the link between the microstructural hysteresis occurring in the microchannel while the foam was continuously flowing and the foam liquid fraction. The importance of the surface drag in the development of the hysteresis was pointed out. In the present work, the scope is to study the parameters influencing the induced microstructural hysteresis during the deformation cycle in a fixed geometry. The influence of the surface drag is characterised by controlling the level of deformation at the wall via the fine-tuning of the gas and liquid inlet pressures.
Experimental

Materials
SDS is a common anionic surfactant used in a wide range of foam industrial applications. A concentration above cmc (critical micellar concentration) is chosen to ensure a constant concentration of surface-active agent throughout the whole experiment. Glycerol (GLY, Sigma-Aldrich) is used at 20 and 40% (wt.) to increase the dynamic viscosity of the reference solution. Dodecanol (DOH, Sigma-Aldrich) is added to the reference solution at a concentration of 0.15 g L −1 to study the effect of surface elasticity on the foam hysteretic behaviour. The surface tensions of the different solutions investigated are measured via maximum bubble pressure technique (SINTERFACE, BPA-1) and summarized in Table 1 .
The viscosity of each solution was investigated via a shear rate sweep from 5 to 100 s −1 via a cone-plate geometry (2-degree truncation, 60 mm diameter) on a rheometer (DHR-1, TA) ( Fig. 1 ).
All the solutions show a Newtonian behaviour with a steady viscosity ranging from 0.6 mPa s for the reference Page 3 of 10 129 solution (A), and reference + DOH (D), 1.5 mPa s for the reference +20% (wt.) glycerol (B) to 3.5 mPa s for the reference + 40% (wt.) glycerol (C).
Experimental setup
The microfluidic device used consists of a rectangular crosssection microchannel of 25 µm (d) depth with a 50 µm (w 1 ) wide gas inlet which meets at a flow-focusing junction with two 100 µm (w 2 ) wide liquid inlets as shown in Fig. 2 . The foam is formed and studied in a 280 µm (w 3 ) wide channel. Two reservoirs of air and liquid are connected via a pressure controller (OB1 MK3, Elveflow) to the two inlets via 0.020″ × 0.060″ OD Tygon microbore tubing (Cole-Parmer Instrument Co. Ltd., UK) to accurately control the gas and liquid inlet pressures. The device is fabricated in polydimethylsiloxane (PDMS, SYLGARD™ 184 Silicone Elastomer Kit, Dow Chemical) via soft lithography (Kim et al. 2008) . The PDMS device is then irreversibly bonded to a microscope glass slide by corona discharge (Mark et al. 2008) . To assure a homogeneous foam formation in the channel (Cubaud et al. 2006 ), the device is surface treated to become hydrophilic via a layer-by-layer technique by flowing alternately segments of poly(allylamine hydrochloride) (PAH, Sigma-Aldrich) and poly(sodium 4-styrenesulfonate) (PSS, Sigma-Aldrich) solutions (both 0.1% w/v in 0.5 M aqueous NaCl solution) with aqueous NaCl washing solution (0.1 M) segments in between as described in Bauer et al. (2010) .
Methods
A foam regime map (FRM), which gives a detailed view of all the different foam patterns available for a specific geometry, is first generated for each solution by changing the gas and liquid inlet pressures between 200 and 1400 mbar. Thus, areas of steady patterns of bamboo and two-row foam can be identified and selected for the study. The "bamboo" pattern or "hex-one" (Garstecki and Whitesides 2006) is described as a single layer of bubbles containing only one bubble in the full width of the channel. The "two-row" pattern or "hextwo" (Garstecki and Whitesides 2006) can be depicted as a single layer containing two rows of bubbles in the width of the channel. In the bamboo pattern, the deformation at the wall during the continuous foam generation and flow in the channel is considered as higher than the two-row pattern due to the largest surface area in contact with the wall. Indeed, the average apparent bubble superficial area at the wall was estimated by image analysis. It was found that the bamboo pattern superficial area varied from 30,000 to 40,000 µm 2 , whereas the two-row pattern presented an average surface ranging from 4000 to 6000 µm 2 . Two ways can be employed to vary the degree of deformation at the wall: by changing the pressure sets (gas and liquid inlet pressures) which will also modify the gas and liquid flow rates and the foam pattern, or by altering the pressure ramp (i.e., the variation of pressure over time). Indeed, the amount of energy needed to deform the foam varies significantly with the pressure ramp. By modifying the pressure ramp from 0.5 to 2 mbar s −1 , the foam lamella has less time to rearrange/recover for the same level of deformation applied and so to reach its equilibrium state by dissipating the energy to the surrounding. The pressure sets are chosen so that the beginning and the end of the deformation cycle present a steady foam pattern.
It was shown Marmottant 2006, 2009 ) that for a steady liquid flow rate, increasing the gas pressure will augment the gas flow rate up to a plateau due to a self-regulation mechanism for which the foam structure changes from bamboo to two-row continuously. In the present work, the foam velocity during the deformation is mainly controlled by the liquid pressure.
The evolution of the apparent mean bubble diameter during one deformation cycle is obtained via image analysis of snap shots collected by a high-speed camera (Photron SA5) at up to 20,000 frames per second (fps) via an inverted optical microscope (Nikon Ti-U) for specific pressure ratio ( r = P gas P liq ) in the ascending and descending pressure ramps.
From each snap shot, the apparent mean bubble diameter is obtained by calculating the equivalent diameter of a circle having the same area of the one obtained for the bubble using the ImageJ software (Schneider et al. 2012) , and normalised by the channel width (280 µm). By plotting the normalised apparent mean bubble diameter versus the pressure ratio, the hysteresis is then evaluated by measuring the area between the ascending and descending curves.
The T1 rearrangement durations are estimated via image analysis using the ImageJ software (Schneider et al. 2012) .
Results and discussions
The foam regime map illustrating the reference solution and the other foaming liquids are introduced in Fig. 3 .
The impact of the viscosity and surface elasticity on the foam regime map (FRM) is already noticeable.
First, the effect of viscosity for a fixed surface tension is analysed by comparing the FRM in Fig. 3b to the reference FRM in Fig. 3a . It is found that the increase in viscosity of the foaming solution generates smaller bubble diameters for the two-row pattern. Indeed, at 400 mbar gas and 600 mbar liquid pressures, the average bubble area obtained decreases from 12,891 µm 2 for the 5 cmc SDS solution down to 5530 µm 2 for the 20% glycerol solution. At 40% glycerol, a two-row pattern depicting a mean bubble area of 6620 µm 2 is formed. Despite the increase in viscosity, which tends to create smaller bubbles for a given flow rate, the 40% glycerol solution shows an increase in surface tension from 36.7 to 45.5 mN m −1 at 25 °C responsible for the creation of slightly larger bubbles compared to the sample containing 20% glycerol.
From Ruiz et al. (2008) describing the evolution of the micellization of SDS with the glycerol concentration in solution, it was demonstrated that the addition of glycerol increases the solubility of the SDS hydrophobic part. As a result, the miscibility of the hydrophilic part of the molecule decreases as the solution presents a higher affinity to the hydrophobic component. Thus, the adsorption of SDS molecules at the interface is limited and the surface tension increases.
Then, the increase in surface elasticity results in the extension of the bamboo pattern towards larger gas pressures in FRM (D). The interface submitted to surface drag at the wall is "stiffer" albeit having the same surface tension as the reference solution. From Karakashev and Nguyen (2007) , DOH molecules adsorb at the gas-liquid interface and limit the surface mobility of surfactant molecules due to their carbon backbone.
From this preliminary characterisation step, two steady foam patterns from the FRM are identified as low deformation (two-row pattern) and high deformation (bamboo pattern) at the wall. The response of the foam to the deformation is identified via the comparison of the evolution of the mean bubble diameter over time in an ascending versus a descending ramp.
Reference solution: 5 cmc SDS
The evolution of the hysteresis with the pressure ramps of 0.5 and 2 mbar s −1 is evaluated in this section for low (P1, corresponding to 600 mbar liquid inlet pressure for a gas pressure ranging from 400 to 600 mbar) and high (P2, corresponding to 800 mbar liquid inlet pressure for a gas pressure ranging from 500 to 800 mbar) pressure sets. Figure 4 shows the evolution of the hysteresis versus the pressure ratio per pressure ramp and set. Each hysteresis value is obtained from the average of two experiments with three repeats for each setting (ramp and set). From the inset, the foam formed from the 5 cmc SDS solution does not present any hysteresis both at the low-and highpressure ramps and sets.
The average of the areas in between the ascending and descending curves obtained for several experiments is Page 5 of 10 129 taken as the "noise" of the measurement which represents our zero reference value to determine if a foam presents hysteretic behaviour or not. Thus, the value obtained for this sample, 1.5 × 10 −3 ± 6.5 × 10 −4 (represented by the red continuous line in Figs. 4, 7 and 9) is considered as the qualitative reference number describing negligible hysteresis.
Effect of viscosity
Two different cases are presented to highlight the effect of viscosity and the combined influence of viscosity and surface tension on foam hysteresis.
5 cmc SDS + 20 wt. % glycerol
The effect of the increase in pressure ramp from 0.5 to 2 mbar s −1 is depicted in Fig. 5 for low-(P1, corresponding to 800 mbar liquid inlet pressure for a gas pressure ranging from 500 to 800 mbar) and for high-(P2, corresponding to 1000 mbar liquid inlet pressure for a gas pressure ranging from 800 to 980 mbar) pressure sets.
From the inset in Fig. 5 , hysteresis is significantly emphasized by the increase in viscosity for a fixed surface tension. Hysteresis increases with both pressure sets and ramps. However, a synergetic effect is observed at P2 and 2 mbar s −1 . Indeed, hysteresis is doubled with the pressure ramp at P1 and is multiplied by almost 20 at P2.
5 cmc SDS + 40 wt. % glycerol
The increase in glycerol concentration impacts dramatically the foam recovery property throughout the deformation cycle. The impact of the increase in pressure ramp from 0.5 to 2 mbar s −1 is shown in Fig. 6 for low-(P1, corresponding to 600 mbar liquid inlet pressure for a gas pressure ranging from 400 to 600 mbar) and in Fig. 7 for high-(P2, Fig. 3 Foam regime maps plotting the gas inlet pressure (P gas ) versus the liquid inlet pressure (P liq ) for the following solutions: a 5 cmc SDS (reference system), b 5 cmc SDS + 20% (wt.) glycerol, c 5 cmc SDS + 40% (wt.) glycerol, and d 5 cmc SDS + 0.15 g L −1 DOH. The red arrows from left to right represent the low (P1) and high (P2) pressure ranges investigated for the formulation corresponding to 1000 mbar liquid inlet pressure for a gas pressure ranging from 600 to 900 mbar) pressure sets.
From Fig. 6 , for a low-pressure set, a large hysteresis is observable. The resistance to the deformation at the wall is higher due to the increase in viscosity. Thus, once the bamboo/annular pattern has been reached, after the high deformation plateau, in the descending ramp, the foam "holds" for longer the bamboo pattern. Indeed, at higher viscosity, the foam takes longer time to rearrange itself. The foam response to the deformation is then slower. This can cause retardation in the foam response to the deformation leading to an enhanced hysteretic behaviour.
However, this hysteresis is reduced with the increase in pressure ramp at P1. Indeed, more energy per second is given to the foam to operate the change in pattern due to the increase in gas pressure. Despite the increase in viscosity which slows down the process, the retardation is limited as more energy is given to the foam to respond to the deformation. Thus, the foam recovery after the high deformation stage is improved.
Furthermore, coalescence (merging of two neighbour bubbles due to film thinning) was increased towards the end of the ascending ramp. In the channel, drainage and coarsening are prevented: gravity is negligible, and the bubble distribution is monodispersed. Thus, the hysteresis observed in the channel is mainly due to the factors (surface tension, viscosity) impacting the thinning of the film between two neighbouring bubbles, leading to film breakage and coalescence.
In the present study, the main parameter that can cause film breakage is the raise in surface tension driven by the addition of glycerol in solution. In this peculiar case, the hysteresis is primarily triggered by the change in viscosity but then enhanced by the surface tension increase.
From Fig. 7 , at high-pressure set, the foam response to the deformation is different: the hysteresis is negligible at low-pressure ramp and rises up to 9 times the initial value with the change in pressure ramp.
Foams by definition are yield stress fluids (Höhler and Cohen-Addad 2005; Cohen-Addad and Höhler 2014) . The yield stress is defined as the stress at which the foam behaviour changes from solid-like to liquid-like. Unlike Fig. 4 Hysteresis evolution for 5 cmc SDS at low-(P1, black) and high-pressure (P2, grey) sets for both pressure ramps (0.5 and 2 mbar s −1 ). In the inset, a typical curve for P1 at 0.5 mbar s −1 Fig. 5 Hysteresis evolution for 5 cmc SDS + 20% (wt.) glycerol at low-(P1, black) and high (P2, grey)-pressure sets for both pressure ramps (0.5 and 2 mbar s −1 ). In the inset, a typical curve for P2 at 2 mbar s −1 the lower pressure case, here increasing the pressure ramp enhances the hysteretic behaviour.
This difference in foam response is due to the change in pressure set. Below the yield stress, foam will behave as a solid-like (elastic) fluid and above, as a liquid-like (viscous) fluid. This change in behaviour leads to different foam responses to the deformation. Therefore, it is considered that the foam generated presents a critical pressure set P c located between P1 and P2 at which the rheological behaviour changes from solid-like (elastic) to liquid-like (viscous).
Thereby, at P2 > P c , the foam is characterised by a liquidlike behaviour. Giving more energy to the system per second will have a counter effect: the interface will be more subjected to the deformation, and hysteresis will increase with the ramp.
On the contrary, at P1 < P c , the foam behaves as a solidlike fluid. In this case, providing more energy to the system per second reduces the hysteresis by helping the system to respond faster to the deformation.
Finally, the hysteretic behaviour of the foam also depends on the level of deformation applied compared to the foam apparent yield stress for the specific device employed. The dependence upon the level of deformation is found only in the case of the 5 cmc SDS + 40% (wt.) glycerol (C). The rise in viscosity increases the foam yield stress, as more energy is required to make the foam flow at higher viscosity. Additionally, the yield stress for the other formulations presenting lower viscosities is considered as negligible in the range of pressures investigated.
Effect of surface elasticity
From past studies about foam flow in which drainage is occurring, it has been shown that the liquid velocity varies as a power law with the liquid flow rate (Pitois et al. 2005; Feitosa and Durian 2008; Stevenson and Li 2010) . The power law exponent depends upon the mobility of the surface of the bubbles. If the interface is rigid, the liquid flow between the bubbles is Poiseuille-like whereas for mobile interface the flow is plug-like. Hysteresis evolution for 5 cmc SDS + 40% (wt.) glycerol at low-pressure set (P1, black) for both pressure ramps (0.5 and 2 mbar s −1 ). In the inset, a typical curve for P1 at 2 mbar s −1 Fig. 7 Hysteresis evolution for 5 cmc SDS + 40% (wt.) glycerol at high-pressure set (P2, grey) for both pressure ramps (0.5 and 2 mbar s −1 ). In the inset, a typical curve for P2 at 2 mbar s − 1
The surface mobility depends primarily on the surfaceactive species: surfactants such as SDS will lead to mobile surfaces, whereas surfactant mixtures such as SDS-DOH mixture will create rigid surfaces. In fact, DOH molecules adsorb at the gas-liquid interface reducing the surfactant mobility in the plateau borders (Karakashev and Nguyen 2007) . Indeed, when the surfaces of the plateau borders are said to be "rigid", the molecules' velocity at the interface tends towards zero (Dame et al. 2005) . It has been also reported by Saint-Jalmes et al. (2004) that the surface dilatational viscosity increased from 0.08 µPa m s for SDS to 1.8 µPa m s for SDS-DOH solutions for surfactant concentrations above the cmc.
The surface behaviour also relies on the foaming solution viscosity and on the bubble size. A transition between rigid and mobile surface behaviour can be noted while increasing bulk viscosity or bubble size (Safouane et al. 2006; Gauchet et al. 2015) . Here, the continuous phase viscosity is steady as illustrated in Fig. 1 .
From Fig. 8 , both values for the hysteresis at 0.5 and 2 mbar s −1 at P1 (corresponding to 600 mbar liquid inlet pressure for a gas pressure ranging from 350 to 620 mbar) can be considered as negligible.
At P2 (corresponding to 800 mbar liquid inlet pressure for a gas pressure ranging from 550 to 820 mbar), the jump in ramp causes the hysteresis to rise above the reference value although marginally. Thus, depending on the kind of deformation at the wall applied, the increase in surface elasticity can lead to a rise in hysteresis.
From the existing relationship described by Durand and Stone (2006) limited to the case of dry foams at low strain rate regime, the T1 bubble rearrangement relaxation time T1 can be expressed. The latter is described as the product of the shear rate times the ratio of surface dilatational viscosity κ over the surface tension γ such as T1 ≈ ×̇.
In this specific case, for a fixed surface tension, the duration of plastic events should increase due to the rise in the surface elasticity.
For the present case, the duration of a single T1 event is estimated for a fixed pressure set (400 and 600 mbar gas and liquid pressures, respectively) by image analysis. Thus, the values 1.25 and 3.5 ms are obtained for the reference solution and for the solution containing DOH, respectively, as represented in Fig. 9 .
Above a critical level of deformation, foam undergoes a topological rearrangement between neighbouring bubbles. During this rearrangement, the foam stores elastic energy until it reaches saturation. This saturation is the reason of the existence of a yield stress (Marze et al. 2008 ).
In the present case, during the ascending ramp, the elastic energy storage increases with the ascending deformation until complete transition from two-row to bamboo pattern. Then, a steady plateau of high deformation at the wall is set for 60 s and then the descending ramp starts.
It is found that the hysteresis occurs either at the start of the high deformation plateau or following this step, at the start of the descending ramp. It is considered that the system cannot relax properly if it is submitted to an increasing deformation. The system is not able to relax this excess of elastic energy during the ascending ramp as the deformation increases.
The excess of elastic energy causes a local strain to build up. The accumulation of local strain triggers the hysteresis and the structural retardation observed in the channel. By extending the duration of the rearrangements, the amount of total elastic energy stored is heightened and so is the hysteresis. A retardation phenomenon is occurring due to the excess of elastic energy stored. By increasing the pressure set, the deformation at the wall is augmented. Fig. 8 Hysteresis evolution for 5 cmc SDS + 0.15 g L −1 DOH with the pressure ramp at low-(P1, black) and high-(P2, grey) pressure sets Fig. 9 Time lapses of the T1 bubble rearrangements for a fixed pressure set (P gas = 400 mbar, P liq = 600 mbar) for 5 cmc SDS from (a-f) versus 5 cmc SDS + 0.15 g L −1 from (a′-f′)
The bubble rearrangement relaxation time T1 is expressed as the product of the shear rate times the ratio of surface dilatational viscosity κ over the surface tension γ. Thereby, by increasing the deformation at the wall and the shear rate applied, T1 increases linearly with the deformation. So, at higher deformation/pressure set, the amount of stored energy and hysteresis are enhanced. Similarly, the rise in pressure ramp (i.e., more energy per second to be stored) causes an increase in the hysteresis.
Conclusions
In this work, a novel approach to evaluate qualitatively foam hysteresis in a microchannel was established. The foam response to a gradual deformation at the wall was studied based on the transition from the two-row to the bamboo pattern. The impact of different parameters from the foaming liquid viscosity to the surface elasticity was studied on the foam recovery properties.
Throughout the different solutions investigated, the following observations were made: 1. A viscosity increase in the foaming solution for a constant surface tension leads to a retardation effect causing hysteresis both at low and high ranges of deformation. 2. An increase in the foaming liquid surface tension emphasizes the hysteresis and the resulting retardation effect depending on the level of deformation applied. 3. A higher surface elasticity creates a smaller but nonnegligible hysteresis due to an excess in elastic energy caused by the increase of the duration of the bubble rearrangements.
The approach introduced here has potential applications in a wide range of industrial processes where foams are generated and submitted to a series of deformation along the process line. This method could lead to the development of an accessible quality control tool to study the parameters (surfactant nature and properties, viscosity, viscoelasticity of the continuous phase, etc.) impacting significantly the foam recovery properties. Additionally, it could permit to study foam time dependency at micron scale, important property when microfluidics is used to generate or to study foams for industrial purposes from the generation of solid foams (Drenckhan and Langevin 2010; Andrieux et al. 2018 ) to the study of foam flow through porous materials such as in the enhanced oil recovery (EOR) application (Nguyen et al. 2014; Quennouz et al. 2014) .
